Gait recovery is very important to stroke survivors to regain their independence in activity of daily life. OBJECTIVE: This study aimed to investigate the effects of virtual reality (VR) coupled body weight support treadmill training (BWSTT) on pelvic control at the early stage of stroke. METHODS: Kinematic and kinetic changes of pelvic motion were evaluated by a 3D gait analysis system and were compared to the results from over-ground walking training. Twenty-four patients having unilateral hemiplegia with subacute stroke were recruited to a VR coupled BWSTT group (n = 12) and a conventional therapy (CT) group (n = 12). Both of the groups received training of 20-40 min/day, 5 days/week, for 3 weeks.
Introduction
Pelvic motion, which contains two units of passenger and locomotor, is very important in gait economy [1] . Patients with stroke usually show a hemiplegic gait with the asymmetrical pattern. The primary gait asymmetry can lead to the development of compensatory motor behaviors, and the gait deviations such as knee flexion decreasing during stance phase often bring some negative effects on the control of S356
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pelvis [2] . Pelvic elevation and tilt angle increasing are described with stroke hemiplegic gait, and the poor motor function with stroke patients lead to excessive pelvis tilt during the stance and swing phase. These changes reduce the stability [3] [4] [5] . In addition, the circumduction gait includes a combination of hiking and forward rotation of the pelvis [6] . These evidences highlighted that the sway amplitude and stability of pelvis are important in paretic patients, and could have an influence on circumduction gait pattern of lower limb and locomotor performance, as well as functional ability of upper limb activity and trunk control of stroke patients [7] [8] [9] . These studies emphasized the impact of pelvis on motor function and gait. However, there is still a lack of evidence based on quantitative three dimensional analysis of pelvic motion changes, especially in early stage of stroke.
In order to facilitate locomotion and improve walking ability, physical therapy intervention in restoring motor function is widely considered to be beneficial in the treatment of patients with stroke in early stage [10, 11] , and the clinical outcomes of rehabilitation techniques have also been demonstrated [12, 13] . However, effect of improving movement with stroke survivors are controversial [14, 15] , and many results of clinical measurement with varying kinds therapy practice lacked quantitative difference. There are few studies exploring the pelvic motion changes in early stage of stroke after rehabilitation intervention.
Virtual reality (VR) has been used for the rehabilitation of neurological patients. Some studies have demonstrated the effect on postural control and motor functional improvement [16, 17] . Taken as an interesting and motivating training practice with innovation technology, VR facilitated the improvement of walking ability [18] . Body-weight-support treadmill training (BWSTT) is a task-specific and repetitive nature of step training on the treadmill with partial body weight of the subjects been held [19] . It enables the harness-secured patients to practice numerous steps assisted by therapists at an early stage after neurological insult, and the assisted control by therapist focuses on the pelvis of proximal limbs [20] . Literature results showed BWSTT improved walking speed, motor function and balance ability on stroke patients [21, 22] . Moreover, VR coupled BWSTT had demonstrated its feasibility, and the results of clinical scales showed the improvement of the gait and balance for persons after stroke [23, 24] . In this study, a VR environment system on the TV screen before treadmill combined BWSTT was applied to assist therapists in training subacute stroke patients with gait deficits and the results were analyzed by quantitative motion analysis.
In literature, the impact of treadmill and ground walking on the pelvic girdle mobility with healthy subjects, was investigated by a synchronous three-dimensioned motion analysis, and the results showed an active increase in the sagittal plane and a passive increase in transverse plane in the pelvis range of motion (ROM), as well as a significant anterior tilt increasing of pelvis [1] . Compared to over-ground training, there were the detected kinematic difference and the pelvic tilt increasing on treadmill training. Therefore, it is necessary to conduct the research of the impact of treadmill training on pelvic girdle on stroke patients in early stage. Three-dimensional gait analysis is the gold standard for evaluation of gait abnormalities [25] , and is often used to quantitatively describe the gait and joint angle changes in hemiplegic patients [26] . Therefore, the objectives of this study were to observe and compare changes in pelvis in three planes (sagittal, frontal, horizontal) during walking at self-selected speed after the intervention of VR coupled BWSTT and to study the influence on hemiplegic gait. The hypothesis of this study is that by using the standard three-dimension kinematic analysis, the changes of pelvic girdle could be determined, and the findings could be used to evaluate whether the pelvic anterior tilt increasing or not after VR combined with BWSTT on person after stroke in early stage. This outcome may also help to assess clinical effects and explain the biomechanical mechanism of BWSTT on improving gait pattern of persons after stroke. 
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Material and methods
Participants
Patients suffering subacute stroke were recruited from the inpatient department of Rehabilitation Medicine at the First Affiliated Hospital, Sun Yat-sen University. Twenty-four patients were recruited according to the following criteria: (1) stroke confirmed by CT or MRI, stable vital sign, age between 40 years-78 years; can walk independently with 10 meters. (2) unilateral hemiparesis for no more than 3 months resulting from first stroke insult; (3) residual gait impairment, decreased walking speed (age < 60 = 10 seconds or longer or 1 m/s, age 60 to 69 : 12.5 seconds or longer or 0.8 m/s, age 70 : 16.6 seconds or longer, < 0.6 m/s), (4) adequate mental and physical capacity to attempt the tasks as instructed (MMSE 27, MAS 2). Patients were excluded from the study if they had: (1) A history of recent deep vein thrombosis of the lower limbs; (2) Combining other neurologic or orthopedic pathology; (3) Serious amblyopia, macula flava, retinopathy and defect of visual field. This study was approved by the Human Subjects Ethics Subcommittee of the First Affiliated Hospital, Sun Yat-Sen University, and written informed consent was obtained from each patient. Table 1 shows the clinical characteristics for the patients after stroke.
Experimental design
VR coupled BWSTT and three-dimension kinematic analysis of pelvic girdle were accomplished in Motor Recovery Research Laboratory of the hospital. A single blinded randomized control study design was employed. The flow chart describing the participation in the various stage of the study was shown in Fig. 1 . Patients were divided into BWSTT coupled VR (VR + BWSTT) group (n = 11, 9 male, 2 female, 41 age-72 age) and conventional therapy (CT) group (n = 12, 9 male, 3 female, 45 age-76 age). Patients were evaluated before intervention and after three-week training program.
A motion analysis system (Vicon MX13, VICON Peak, Oxford, UK) with six infrared 100 Hz cameras was used to record the angle of pelvic movement. The data were the locations of 16 reflective markers taped to the skin overlying bony landmarks of the pelvis and lower limbs [27] , including the midline sacrum at the level of the posterior superior iliac spines, anterior superior iliac spines, lower lateral 1/3 and 1/2 surface of left and right thigh, lateral epicondyle of knee, lower lateral 1/3 and 1/2 surface of left and right shank, lateral malleolus, the second metatarsal head, and the calcaneus at the same height as the toe marker. The captured data were subsequently analyzed using Vicon Nexus (Version 1.7.1) and Plug-in-Gait model (Fig. 2) . All subjects walked without canes, orthosis or any other assisted devices. During the tests, the patients were asked to walk back and forth at a self-selected walking speed and habitual posture on a 10 m walkway. Five successful walking trials defined as consistent trajectories were collected at baseline condition and after 3-week training. Marker trajectories were sampled at 100 Hz for the calculation of lower extremity joints angle. Each walking trail was normalized and represented in percentage over the course of the gait cycle, and a total of 51 points of data of a full gait cycle from foot strike to next foot strike with 2% gait cycle increment were calculated. The pelvic girdle mobility of three planes (sagittal, frontal and horizontal) were recorded [28] .
Intervention
The treatment group received walking training with BWSTT coupled VR for 30 minutes, 2-3 ses-
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sions every day, five days a week for three weeks (Fig. 3) . The equipment for BWSTT was from a standard treadmill (NoramcoFitness Inc, TX) combined to weight supporting apparatus (SpinoFlexcInc, NH, USA). The VR hardware components included a 40-inch television installed on a standing frame in front of the treadmill to display the VR environment, and the television was connected to a computer and the treadmill. The VR programs (visual trainer) consisted from a series of video shows (climbing mountain, crossing street, park, stadium, etc.), and the speed of video shown on screen was synchronized with treadmill velocity (Fig. 3) . The initial body weight support amount was set at 30%∼40%, and the speed of the treadmill was set at 0.5 mph (miles per hour) [29] . The training intensity at first week was around 10 min-20 min, then increased at 30 min in the third week, while the treadmill speed increased to 2.0 mph. The patient wore a modified mountain climber's harness with an adjustable belt around the pelvis and thigh, and an adjustable belt above to support the body weight. The physiotherapist assisted to control the lower extremity if the patient could not lift paretic leg. At the beginning of training, some patients need two therapists to guide the movement of pelvis forward and the hemiplegic leg flexion during the swing phase and extension at the stance phase. The BWS gradually decreased and the velocity also gradually increased in order to attain the maximum of the patient's walking ability, but the two parameters were not changed simultaneously. Heart rate and blood pressure were monitored in both groups before and after each session, using a digital sphygmomanometer, and also measured in pauses for taking a break with BWSTT.
The conventional group received individually walking training on the ground according to the Neurodevelopment therapy (NDT) instead of BWSTT for 30 minutes for 5 days, three weeks. Both groups received the same clinical treatment and the same amount of other therapy (e.g. physical agents, self exercises, occupational therapy), and scheduled 2-hour therapy program was allocated for each patient of physical therapy and implemented by physical therapist trained in the research protocol. All physical therapists documented participants' daily compliance with the study protocol. In addition, the whole rehabilitation team was educated concerning the experimental study protocol to ensure compliance when participants were not working with therapy staff.
Statistical analysis
Demographic date, including age, body weight, leg length and peak to peak of pelvis were evaluated and presented as mean ± standard deviation. The three plane of pelvic trajectory was performed to compare the means. Independent t test was applied on post hoc pairwise comparisons between different groups and paired T-test was applied on time effects comparisons with SPSS for Windows version 13.0. A P value < 0.05 was defined as a statistically significant difference for all statistical analyses.
Results
The mean values and the chart of the sagittal, frontal and horizontal pelvic motion curves of two groups before and after intervention are shown in Fig. 4 . The peak-peak of two groups are compared in pre and post-training. Pelvic tilt in sagittal plane improved significantly (P = 0.038) after treatment, in terms of decreased amplitude of anterior peak (mean, from 10.99 • to 6.25 • ) in the BWSTT + VR group, but there was no significant difference at pelvic obliquity and rotation. For the CT group, there were no significant difference of pelvic peak changes before and after therapy. No significant difference of pelvic peak was found between BWSTT + VR and CT group after training (Table 2 and Fig. 4 ). 
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Discussion
This study detected the difference in pelvic girdle mobility between VR coupled BWSTT and overground training and explored the feasibility in using VR coupled BWSTT to help prescribing and inducing near normal gait patterns to correct hemiplegic circumduction gait at early stage of stroke, especially
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adjusting the pelvic girdle motion. The differences of the pelvic girdle in VR coupled BWSTT and traditional training conditions were evaluated and compared.
As expected, this study found a significant decrease in pelvic anterior tilt peak angle after VR + BWSTT, and the curve trajectories showed the drop during the gait cycle, especially during stance phase (Fig. 4) . However, this trend was not shown in CT group. Our findings of decreased the anterior tilt in pelvis after VR coupled BWSTT for three weeks supported the positive effects of the training., Dickstein and Abulaffio found both the anterior-posterior and mediolateral axes deviations of pelvis of hemiparetic patients had larger sways than normal subjects, and the sway in paretic side was larger than in the unaffected side [4] . Titianova and co-workers also described the pelvic elevation of the affected side during swing with hemiplegic patients, and demonstrated the correlation between the circumduction gait and pelvic deviation amplitude [5] . The decrease of the anterior tilt in pelvis would help the patient regain their normal gait pattern.
Previous study investigated the impact of surface on the changes of pelvic mobility in three planes of movement on the treadmill compared to walking on the natural ground in healthy subjects and 3D analysis only demonstrated a significant decrease on range of motion of pelvic girdle in the transverse plane on the treadmill, but there were no differences in the sagittal and frontal plane [1] . This might be related to the need of an active anterior tilt increase of pelvic girdle to adjust the walking on the treadmill with belt backward movement than on over-ground during gait cycle [1] . In contrast, the present results of this study demonstrated that there were significant differences in the sagittal plane pelvic girdle motion in treadmill group of subacute stroke survivors, and the curve showed anterior degrees decreased during the gait cycle. The anterior tilt of pelvic peak angle decreased and the curve trajectory dropped during the gait cycle might be caused by the treadmill belt transmitting rearward and the slower treadmill belt velocity. The pelvis and hip joint decreased forward flexion, as well as the hemiparetic lower extremity stepping forward for shorter step length need lesser forward flexion degrees [30] . Consequently, the results showed the anterior tilt trajectories dropped during gait cycle, especially a significant decrease during stance phase.
On the other hand, with the partial body weight supported, the hemiplegic limb could stepped forward easily and the frame of supported system controlled the trunk and pelvis forward lean. Hesse and coworkers observed more upright walking postures in hemiplegic subjects with body weight support [31] , the stroke survivors decreased excessive flexion in pelvis and hip joint. In addition, the TV screen fixed with the frame in front of the treadmill in our study allowed the patients follow the scene in keeping straight of the upper part of body, and the VR training enhanced goal-oriented tasks rather than simple repetitive treadmill exercises for stroke survivors [23] . Compared to the healthy subjects, the hemiplegic patients showed increased pelvic tilt angle and circumduction gait [3] . The increased pelvic tilt induced knee flexion and made a contribution on decreasing the swing phase [6] . When the pelvis decreased the excessive anterior tilt, it should be the knee flexion increasing during the swing phase. Therefore, an improving gait with hemiparetic lower extremity appeared. However, subacute stroke patients with over-ground gait training in this study showed no significant difference in pelvic motion of sagittal plane. Previous studies also demonstrated BWSTT was superior to traditional gait training in improving motor function [23, 30, 32] . The above-mentioned reasons probably explained the targeted effect using BWSTT on gait parameters. Therefore, VR coupled BWSTT may be beneficial to correct abnormal circumduction gait pattern on the sagittal plane.
Robotic-assisted treadmill walking (such as Locomat R ) provides constant robot gravity compensation, and the inertia causes an increasing of ground reaction forces (GRF) to control pelvis moving up and down, and then is often applied in gait rehabilitation in stroke survivors [33] . Lokomat is usually used to focus on a symmetrical pattern [34] and previous studies mainly investigated the spatiotemporal parameters, as well as kinematic and kinetic parameters of hip, knee and ankle joint [35, 36] . Finding of our study is comparable to the results from Locomat and may also contribute to explain the mechanism behind the robotic-assisted treadmill walking. For example, by testing healthy subjects on Locomat and analyzing the results from 3D kinematic and kinetic data, Swinnen and coworkers found a smaller antero-posterior and lateral translations of the pelvis and the trunk compare to traditional treadmill walking [37] . In line with this finding, our results also revealed a decreased sagittal plan of pelvic motion after the BWSTT, which supports the clinical usage of body weight support at early stage of stroke.
The data from our study indicated that there was no significant difference between the pelvic motion of frontal and horizontal of VR + BWSTT and in CT group (Table 2 ). In this study, patients can take self-selected comfortable walking speed at pre-and post-training, and the 3D kinematic analysis showed all patient' walking speed was lower (< 0.9 m/s) at subacute stage. The lower walking speed might cause compensation of thoracic motion to pelvic movement. In literature, it was showed that persons after stroke used more thoracic ROM than pelvic transverse ROM in comfortable and equivalent walking speed (0.97 m/s-0.98 m/s) compared to subjects without disability [38] . This may be the reason why we could not find any statistically significant differences in the peak angle of horizontal pelvic motion. Huang and the co-workers found that larger stride length and walking speed on the treadmill could produce large spinal and thorax-pelvic rotation, while small steps and speeding-up hardly affected thorax-pelvic-leg relative phase amplitudes, and stroke patients only showed thorax rotation to pelvis [39] . In line with their results, patients with stroke at early stage in this study usually started lower treadmill speed (0.5 mph) and small step, which might contribute to the results that there was no significant increasing pelvic rotation.
This pilot study explored the pelvic peak and curve after VR + BWSTT and the over-ground walking intervention only with kinematic and kinetic data. Further studies combined with electrophysiology information (i.e. EMG) and muscles strength are necessary to help better understanding the mechanism about the control of pelvis with VR + BWSTT [38, 39] . In addition, a larger sample size of random control trial study or multi-center design which compares VR + BWSTT, BWSTT only and over-ground training is warrant to draw further conclusion about the outcome of VR + BWSTT for gait disorder with persons after stroke.
In summary, the results in this study suggested that VR coupled BWSTT gait training could decrease anterior tilt of pelvis, and might have advantages over conventional over-ground gait training following a modest intervention dose and could assist therapists in correcting the abnormal gait pattern of the early hemiparetic patients.
